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Design of New Scaffolds for Peptidic Foldamers and Their Structural Studies 
Using NMR Spectroscopy 
Life relies on polymers that are able to form a well-defined hierarchy of self-assembling 
structural levels. An essential feature of biological macromolecules such as proteins and 
nucleic acids is their masterful control over the non-covalent forces that govern folding and 
self-assembly processes. For a long time only biopolymers were known to have such properties, 
whereas non-natural folded polymers (foldamers) have the potential for being similarly or even 
more versatile. The development of synthetic foldamers provides an excellent opportunity to 
explore relationships among covalent structure, molecular shape and function. 
The importance of peptidic foldamers in chemistry and biochemistry can be verified by 
a number of interesting supramolecular properties including molecular self-assembly, 
molecular recognition, and host-guest chemistry. In the present thesis structural aspects of 
peptidomimetic foldamers derived from C-linked-Carbo β-amino acids (β-Caa), have been 
investigated by NMR spectroscopy. Circular Dichroism (CD) and Molecular Dynamics (MD) 
further support the results. The thesis entitled “Design of New Scaffolds for Peptidic 
Foldamers and their Structural Studies Using NMR Spectroscopy” consists of four 
chapters. 
Chapter I:  Introduction 
This chapter contains an overview of various types of secondary structural elements of 
natural peptides, like: α-helix, 310-helix, pi-helix, β-sheet, β-turn, γ-turn, and pi-turn and also 
helical secondary structures observed in unnatural peptides, like 14-, 12-, 12/10-(mixed) helices 
in β-peptides and 13-, 11-, 14/15-, 11/9-(mixed) helices in heterogenous α/β-peptides. It also 
contains the general introduction to Nuclear Magnetic Resonance (NMR) Spectroscopy 
including the experimental methodologies employed in this thesis. Further the details of the 
NMR structural parameters, such as chemical shift (δ), scalar couplings (J), nOes and H-
bonding parameters, which have been used in the structure elucidation of peptides, are 
presented in brief. In addition, an introduction to the molecular dynamics (MD) simulation and 
Circular Dichroism (CD) spectroscopy is also presented. 
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Chapter II: Three Residue Turns in α/β-Peptides and Their Generalisation Using Various 
α- and β-Amino Acids. 
Sugar amino acids (SAAs) and their oligomers, which bridge carbohydrates and 
proteins, have been attractive area in peptidomimetics research. The main idea behind this 
development was: a) β-amino acid, unlike α-amino acid, do not undergo hydrolysis by 
peptidases, there by increase the bio-availability and b) the presence of a sugar side chain helps 
in solubility, transportation besides the recognition by sugar protein binding. Recently our 
group reported a mixed 12/10-helical structure in a new class of β-peptides derived from C-
linked carbo-β-amino acids (β-Caa), prepared from D-Xylose. Unlike SAA’s, wherein the –
NH2/COOH occupy the sugar scaffold, in this new class of Caas, carbohydrate moiety is a side 
chain, hence, it can be both in furanose/pyranose forms with a variety of stereochemical options 
and functionalities, which can be useful to create specific properties. 
Earlier our group demonstrated the presence of robust 11/9-ixed helices in oligomers 
derived from alternating acyclic C-linked carbo-β3-amino acid [(S)-β3-Caa] and L-Alanine. 
Very robust 11/9-helical structures were observed from the α/β-tri-peptide itself, when the C-
terminal was L-Ala. It was noticed that when the C-terminal was β-Caa, there were deviations 
from the regular helical structure, in fact from the tetramer (α-β-α-β) onwards. To further 
understand the inherent features of the α/β-peptides, having β-Caa-L-Ala-β-Caa (β-α-β) 
sequence at the C-terminus, a structural study was undertaken using NMR, Molecular 
Dynamics (MD) and Circular Dichroism (CD) which resulted in the discovery of a new three 
residue turn in α/β-hybrid peptides derived from alternating C-linked carbo-β-amino acids (β-
Caa) and L-Ala residues.  
The study was further extended to generalize the new three residue turn (β-α-β) by 
using different α- and β-amino acids. The present chapter deals with the design and structural 
studies of α/β-peptides, to understand the generality of these turns (β-α-β and α-β-β) by using 
different α- and β-amino acids. In this new design of α/β-peptides, it was proposed to replace 
the L-Ala unit in ‘β-α-β’ with different α-amino acids and β-Caa unit with different β-amino 
acids as shown in Figure 1. 
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Figure 1: Schematic representation of structure of peptides 2.1-2.8. 
NMR studies on all of the above compounds indicated the presence of the turn structure 
except for those containing Proline residues. The three residue ‘β-α-β’ turn was stabilized by 
two H-bonds viz NH(i)· · ·OC(i-2), with a 7-membered (mr) pseudo-ring (γ-turn like) in the 
backward direction, and CO(i)· · ·HN(i-2), with a 13-mr pseudo-ring in the forward direction as 
shown in Figure 2A and is characterized by nOe’s CαH(i-3)/NH(i-1), CαH(i-3)/NH(i), C4H(i-
2)/NH(i), NH(i-2)/NH(i-1), NH(i-2)/NH(i) and NH(i-1)/NH(i) as shown in Figure 2B. (i being 
the last residue) 
 
 
 
 
 
 
 
Figure 2: (A) Ball and stick models of ‘β-α-β’ turn. (B) Characteristic nOes (dotted lines) and 
H-bonds (dark red lines) defining the ‘β-α-β turn’ (numbers (7 and 13) along with the arrows 
refer to the H-bonded pseudo-rings; α and β represent the residues).  
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Figure 3: Schematic representation of structure of peptides 2.9-2.10. 
The ‘turn’ at the C-termini when nucleated by an 11/9-helix from α/β-peptides at the N-
termini, resulted in helix-turn (HT) super secondary structures. Further, the HT motif in 2.1 and 
2.2 was efficiently converted, by an extension with helical oligomers at the C-termini, into 
peptides 2.9 and 2.10 (Figure 3) with novel helix-turn-helix (HTH) tertiary structure. However, 
this resulted in the destabilization of the ‘β-α-β’ turn with the concomitant nucleation of yet 
another three residue ‘α-β-β’ turn, similar to one reported earlier. The three residue ‘α-β-β’ turn 
is stabilized by a 15-mr NH(i)· · ·OC(i-4) and a 11-mr, NH(i-1)· · ·OC(i-4) bifurcated H-bonded 
pseudo-rings in the backward direction and a 9-mr, O(i-1)· · ·NH(i-2) H-bond involving sugar 
oxygen of the side chain as shown in Figure 4A and is characterized by nOe’s CαH(i-3)/NH(i), 
CαH(i-3)/NH(i-1), C4H(i-1)/NH(i-2), C1H(i-1)/NH(i-2) and NH(i-2)/NH(i-1) as shown in 
Figure 4B (i being the last residue).  
 
 
 
 
 
 
 
 
 
 
Figure 4: (A) Ball and stick models of ‘α-β-β’ turn. (B) Characteristic nOes (dotted lines) and 
H-bonds (dark red lines) defining the ‘α-β-β’ turn (numbers (9, 11 and 15) along with the 
arrows refer to the H-bonded pseudo-rings; α and β represent the residues).  
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Extensive NMR studies were carried out to delineate the secondary and tertiary 
structures in these peptides, which were further supported by the molecular dynamics (MD) 
investigations. 
Chapter III: ‘Hybrid Helices’- New Motifs for Secondary Structural Scaffolds in 
Foldamers 
 To explore peptides with heterogeneous backbone with helical diversity, a new design 
was envisaged based on the concept of ‘hybrid helices’. Hybrid helices are realized by a 
combination of two or more different types of homologous and hybrid peptides, e.g. β-peptides 
and α/β- and α/γ-hybrid peptides within the same oligomer.  
The structures of the peptides 3.1-3.9 were investigated by extensive NMR studies. 
These short helices were in turn prepared from L-Ala, the β-Caas and γ-Caas, by standard 
peptide coupling methods. As an example we discuss peptide 3.5 in detail. 
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Figure 5: Structures of monomers used in peptides 3.1-3.9. 
3.1 Boc-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-L-Ala-(S)-β-Caa-L-Ala-OCH3. 
3.2 Boc-L-Ala-(S)-β-Caa-L-Ala-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-OCH3. 
3.3 Boc-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-L-Ala-(S)-β-Caa-L-Ala-OCH3. 
3.4 Boc-(S)-β-Caa-L-Ala-(S)-β-Caa-L-Ala-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-OCH3. 
3.5 Boc-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-
L-Ala-(S)-β-Caa-L-Ala-(S)-β-Caa-L-Ala-OCH3. 
3.6 Boc-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-L-Ala-(S)-β-Caa-L-Ala-(S)-β-Caa-(R)-β-
Caa-(S)-β-Caa-(R)-β-Caa-OCH3. 
3.7 Boc-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-L-Ala-(S)-β-Caa-L-Ala-(S)-β-
Caa-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-OCH3 . 
3.8 Boc-L-Ala-(S)-β-Caa-L-Ala-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-L-Ala-
(S)-β-Caa-L-Ala-OCH3. 
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3.9 Boc-(R)-β-Caa-(S)-β-Caa-(R)-β-Caa-(S)-β-Caa-L-Ala-(S)-β-Caa-L-Ala-(S)-γ-Caa-L-Ala-
(S)-γ-Caa-L-Ala-OCH3. 
Structural studies of 3.5 
 
 
 
 
 
 
Figure 6: Amide region expansion and Solvent titration study of 3.5 
The conformational features of the tridecamer 3.5, which is the largest peptide in the 
present study, indicate all amide protons, except NH(1), with ∆δ < 0.57 ppm in the solvent 
titration studies to take part in H-bonding. The nOe correlations CβH(1)/NH(3), CβH(1)/CαH(pro-
R)(3), NH(2)/NH(3), CβH(3)/NH(5), CβH(3)/CαH(pro-R)(5), NH(4)/NH(5), CβH(5)/NH(7), 
CβH(5)/CαH(pro-R)(7), NH(6)/NH(7) (Figure 6) and the coupling constant 3JNH-CβH > 8.3 Hz (for 
all β-residues) support a mixed 12/10-helix involving the first seven residues.  
 
 
   
 
 
 
 
 
 
Figure 7: ROESY spectrum of 3.5 (The nOes NH(2)/NH(3), NH(4)/NH(5), NH(6)/NH(7), 
NH(8)/NH(9), NH(10)/NH(11), NH(12)/NH(13), CβH(1)/NH(3), CβH(3)/NH(5), CβH(5)/NH(7), 
CβH(7)/NH(9), CαH(9)/NH(11), CαH(11)/NH(13), CβH(1)/CαH(pro-R)(3), CβH(3)/CαH(pro-R)(5) 
and CβH(5)/CαH(pro-R)(7) are marked as 1-15, respectively)  
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The couplings involving the last six residues, 3JNH-CβH > 9.2Hz for β-residues, 3JNH-CαH < 
5.2Hz for α-residues, small values of 3JCαH-CβH and the nOes NH(8)/NH(9), CαH(9)/NH(11), 
NH(10)/NH(11), CαH(11)/NH(13), and NH(12)/NH(13) confirm a 11/9-helix at the C-terminus. 
In the hinge region of the two helix types, the presence of the nOe correlation CβH(7)/NH(9) 
supports the continuity of the helical pattern. 
Obviously, the two helix types are well accommodated within the oligomer with 
negligible deviations in the hinge region as seen in MD studies for 3.5 (Figure 8A). The high 
degree of regularity of the hybrid helix along the sequence of the oligomer accommodating the 
two different helix types without problems can well be seen in all the compounds. 
Likewise, peptide 3.9 consists of three different helices representing three different 
folding patterns, 12/10-, 9/11- and 10/12- helices derived from β-, α/β-peptides and α/γ-hybrid 
peptides. The NMR studies on this peptide amply indicated the presence of H-bonding 
representing the constituent helical structures and three helix types are well accommodated 
within the oligomers with negligible deviations in the hinge region.  In comparison to the other 
hybrid helices, in peptide 3.9, there is a more distinct kink in the hinge region between the α/β- 
and α/γ-parts (~ 15-20°) (Figure 8B). Such ‘kinks’ impart subtle variations in the direction of 
helix propagation. 
 
 
 
 
 
 
 
 
 
Figure 8: Stereoview of 15 superimposed minimum energy structures for (A) peptide 3.5. and 
(B) peptide 3.9 from restrained MD studies (The sugar moieties were replaced by methyl 
groups after the calculations for clarity.). 
 
(A) (B) 
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Chapter IV: Stabilization of Helices Facilitated by Additional Interaction Involving Side 
Chain. 
Oligomers containing both α- and β-amino acid residues (“α/β-peptides”) are intriguing 
as potential foldamers. A large set of α/β-peptide backbones can be generated by combining α- 
and β-amino acid residues and a variety of helical structures have been reported. Among them 
α/β-peptides rapidly interconverting between 11- and 14/15-helical structures are particularly 
interesting because of parallels with behavior that is well-documented among peptides 
containing exclusively α-amino acid residues, which frequently populate both α- and 310-helical 
conformations in solution. Very similar structural behavior was observed for α/β-peptides 
constructed from alternating L-Ala and β-Caa derived from Allose sugar side chain with R- 
chirality (at -Cβ position) which is further stabilized by hydrogen bonding between amide 
proton of β-residue and its methoxy oxygen in side chain. 
In the present chapter we have investigated the oligomers 4.1-4.6 of β3-Caa derived 
from Allose sugar, with alternating L-Ala, in anticipation to result in novel secondary structures. 
The structural properties of these peptides were investigated by the extensive NMR, MD and 
CD studies. The conformational features of a penta-peptide 4.1 are discussed in detail below. 
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Figure 9: Structure of peptides 4.1-4.6. 
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Structural studies of 4.1 
For the penta peptide 4.1, backbone resonances were well resolved and the two of the 
amide protons showed δ NH > 7 ppm ((δNH(2) and δNH(4) being 7.08 ppm and 7.31 ppm 
respectively), whereas in the solvent titration studies, only NH((4) has small ∆δ value, implying 
its involvement in H-bonding. 
 
 
 
 
 
 
Figure 10: Amide region expansion and solvent titration study of 4.1 
3JNH-βH=8.5 Hz and 9.0 Hz for the β-residues indicated anti-periplanar arrangement of 
these protons with φβ ~ -120°. In the case of α-residues JNH-αH ~ 6.0 Hz indicated 
preponderance of |φα| ~ 60°. 3JCβH-CαH displayed one large (=8.1Hz) and another small (< 3.9Hz) 
value, indicating θβ to be around -60o or 180°. The CαH resonances of the β-residue were 
distinguished based on couplings with CβH proton and nOes with NH proton. Strong nOe 
correlation between NH and CαH with large JCαH-CβH value (~ 8 Hz) and comparatively weak 
nOe correlation between CαH with small JCαH-CβH value (< 4Hz), permitted us to confirm a 
value of θβ ~ 60° and assign the CαH with large JCαH-CβH value as CαH(pro-R). 3JCβH-C4H ~7.1 Hz 
for the second  residue may indicate averaging over several conformations of χ1 but 3JCβH-C4H ~ 
8.5 Hz for the fourth residue indicates predominance of a single conformation, with χ1 ≈ 180°. 
3JCβH-C4H ~7.1 Hz for the second  residue may indicate averaging over several conformations of 
χ1 but 3JCβH-C4H ~ 8.5 Hz for the fourth residue indicates it predominantly exists in a single 
conformation, with χ1 ≈ 180°.  
In the ROESY spectra long range nOes like CαH(1)/NH(4), CαH(1)/CαH(pro-R)(4) and 
CαH(1)/CαH(pro-S)(4) along with NH-NH connectivities NH(1)/NH(2), NH(3)/NH(4), and 
NH(4)/NH(5), indicate the presence of a helical structure. The molecular dynamics calculation 
was performed using the distance constraints obtained by taking volume integral of nOe cross 
peaks in ROESY spectrum. In the MD structures it can be observed that amide proton of the 
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fourth and fifth residues are involved in hydrogen bonding with the backbone carbonyl groups 
forming 14- and 15-membered H-bonds respectively. Also in some of the structures it is 
observed that the second NH is coming closer to the sugar oxygen of methoxy group at C3 
position possibly forming a weak H-bond as indicated by ∠ N–H---O(Me) ~ 120º and N–H----
O(Me) distance of ~ 2.5 A, as shown in one of the minimum energy structure Figure 11B. 
Weak H-bonding nature of NH(2) is also indicated by δ >7 ppm and ∆δ = 0.80 ppm in the 
solvent titration studies. 
 
 
 
 
 
 
  
  
Figure 11:  (A) Side view of superimposed 15 minimum energy structures (sugars are replaced 
with methyls for clarity) for 4.1. (B) One of the minimum energy structure showing hydrogen 
bonds, NH-CO distances and NH---O angles for 4.1. 
Similar structural features were observed for hexamer 4.2 and heptamer 4.3. Such 
structures have till now been reported with constrained β-amino acids (ACHC) and cis-β-
furanoid sugar amino acids. Gellman also suspected that flexible α/β-peptides simply do not 
populate the 14/15-helix to a large extent, because β3-residues have a much lower α/β-peptide 
helix propensity than do cyclic β-residues. Thus to obtain 14/15-helix in α/β-peptides, it may be 
necessary to introduce additional interactions, which may facilitate the desired folding 
propensity. 
In summary the work reported in the thesis resulted in the design of new scaffolds for 
peptidic foldamers. A generalized study of the new three residue turns (β-α-β and α-β-β) by the 
use of different α- and β-amino acids was presented. The concept of hybrid helices using more 
than one type of helical backbone was introduced. Further the role of side chains in 
(A) (B) 
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stabilization of helical folds in α/β-peptides was discussed.  These compounds hold promise as 
a step towards synthetic molecules with protein-like properties. 
 
 
